Local structure of epitaxial GeTe and Ge 2 Sb 2 Te 5 films grown on InAs and Si substrates with (100) and (111) orientations: An x-ray absorption near-edge structure study INTRODUCTION GeTe-Sb 2 Te 3 quasibinary alloys (GST), often called phase-change memory materials, are widely used in optical memories and are the leading candidate for the next generation of nonvolatile electronic memories (phase-change random access memory, or PC-RAM).
1,2 While in recent years significant progress has been achieved in understanding the structure of the amorphous phase, [3] [4] [5] [6] it should be noted that the structure of the crystalline phase of both the end-point GeTe compound and GST has also posed significant challenges. Thus for GeTe, it has been long believed that the low-temperature rhombohedral phase changes at the Curie temperature to the rock-salt phase (a displacive transition) 7 accompanied by the ferroelectric-to-paraelectric transition. Recently, the use of local structure techniques, such as extended x-ray absorption fine structure (EXAFS) 8 and pair distribution function analysis of total scattering, 9 revealed that the subsets of the shorter and longer bonds persist above the Curie temperature and it was concluded that the apparent rock-salt structure resulted from the distortion changing from coherent below the Curie point to stochastic above the Curie point (an order-disorder transition).
The situation is similar for GST. Pioneering polycrystalline sample-based Bragg diffraction studies concluded that the crystal structure relevant to memory applications is cubic (rocksalt), 10, 11 while subsequent use of EXAFS demonstrated the existence of local distortions with the presence of shorter and longer bonds. 3 It was concluded that an addition of a third component to GeTe, Sb in case of GST or nitrogen and/or carbon dopants 12 facilitated the randomization of the distortions resulting in an apparently cubic phase. It was subsequently argued that distortions in the crystalline phase may be sufficiently large to locally break the resonant bonding 13, 14 generating covalently bonded local configurations. [15] [16] [17] Local structure studies of the crystalline phase reported to date are additionally complicated by the fact that the studied films are polycrystalline, with atoms at grain boundaries affecting the average structure and properties of the crystalline phase. It was thus highly desirable to grow epitaxial layers of GeTe and GST, which has been successfully achieved over the past several years. [18] [19] [20] [21] [22] [23] The demonstrated possibility of epitaxial growth is also very important for the growth of layered structures with spatially separated GeTe and Sb 2 Te 3 blocks. This class of materials, called interfacial phase-change memory, or iPCM, 24 allows for a drastic, up to 95%, reduction in energy consumption in memory devices and additionally was argued to be a three-dimensional topological insulator 25, 26 or a Dirac semimetal, 27 depending on the thicknesses of individual blocks. The successful epitaxial growth of GeTe is the first step along the way to the fabrication of highly controllable iPCM-like superlattices with properties arising from the presence of sharp interfaces and necessitates the structural investigation of epitaxial GeTe and Ge 2 Sb 2 Te 5 layers on a short-range-order length scale.
In this work, we report on the results of x-ray absorption near-edge spectroscopy (XANES) studies of epitaxial GeTe and Ge 2 Sb 2 Te 5 samples grown on (111) and (100)-oriented InAs and Si substrates. 
EXPERIMENTAL AND SIMULATIONS DETAILS
GST and GeTe thin films were deposited epitaxially on InAs(001), InAs(111), Si(001), and Si(111) substrates by molecular beam epitaxy (MBE). The former has a lattice constant of 6.05 Å , i.e., very similar to (and slightly larger than that of) GST (6.02 Å ), while the latter has the lattice constant (5.43 Å ) significantly smaller than that of GST. Samples grown on InAs(001) and InAs(111) were uncapped, whereas films grown on Si(111) and on Si(001) were either uncapped or capped by a 2 nm thick layer of amorphous ZnS-SiO 2 to inhibit oxidation due to air exposure. GST films grown on Si(111) were deposited at different substrate temperatures with varying GeTe desorption rates. 28 More details on the epitaxial growth by MBE can be found in Refs. 20-22. Measurements were performed at room temperature in fluorescence mode at beamline BL01B1 at SPring-8 using a PILATUS detector. The polarization of the X-rays was parallel to the substrate (Fig. 1) . In order to achieve better resolution (DE=E better than 4 Â 10 À5 ), we used the Si(311) monochromator setting. The rectangular beam profile (200 lm vertically vs. a few mm horizontally) and the very thin thickness of the samples precluded us from investigating the polarization dependence. At least two data acquisition loops were taken for each sample and the obtained spectra were indistinguishable in all cases, hence the observed differences can be unambiguously attributed to differences in the local structure among different samples.
Theoretical XANES spectra were calculated using the ab initio real-space full multiple-scattering code FEFF9.
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FEFF9 is a fully relativistic, all-electron Green function code that utilizes a Barth-Hedin formulation for the exchangecorrelation part of the potential and the Hedin-Lundqvist self-energy correction. In our FEFF calculations, the cluster radius was set to 9 Å around the central atom, which corresponds to about 100 atoms in the cluster. In cases where different local coordinations of Ge were present, the XANES spectra were calculated for each Ge atom in the unit cell. The obtained spectra were subsequently averaged for comparison with the experimental data.
EXPERIMENTAL RESULTS
Before we proceed to the results of the measurements performed on epitaxial samples, we show, in Fig. 2 , the XANES spectra for the polycrystalline and amorphous phases of GeTe and GST. 3, 30 The characteristic features of the spectra seen in the figure can be summarized as follows.
-the first strong feature called the white line is more intense in the crystalline phase -the slope after the white line is steeper in the amorphous phase -the features at ca. 11125 eV and 11145 eV are shifted to lower energies in the crystalline phase -the "crystalline" feature in the 11 120-11 140 eV range is a single maximum in Ge 2 Sb 2 Te 5 but has two well-resolved components for GeTe.
We now proceed to the epitaxial samples, starting by looking at differences in the spectra of the same material grown on differently oriented InAs substrates. Figure 3 (top) compares the XANES spectra of GST grown on InAs(100) and InAs(111). The incomplete curves located under the full XANES spectra are zoomed-in regions, the energy axis is the same for the full spectra and the zoomed-in regions. One can see that the white line is higher, the slope is less steep and the 11 145 eV feature is shifted to lower energy for the case of the (100) substrate orientation. Additionally, one can see that the white line is broader for the InAs(100) substrate. One can also see from the zoomed-in spectrum that a singlebump feature in the 11 120 to 11 140 eV range for the (100)-orientation case is transformed into a double-bump feature for the (111) orientation. These results are reproduced for the binary GeTe film (Fig. 3, bottom) , where the second bump (at ca. 11 130 eV) is also stronger for the InAs(111) substrate (while the features at 11 145 eV coincide for the two substrate orientations). In Fig. 4 , we compare the XANES spectra of GeTe vs. Ge 2 Sb 2 Te 5 grown on similarly oriented [InAs(100) or (111)] substrates. Since the short-range order is the same for the two compositions (Ge atoms are coordinated by three Te atoms located at ca. 2.82 Å and three more Te atoms at 3.13 Å ), any differences observed in the spectra result from the spatial ordering beyond the first coordination shell (but within ca. 1 nm distance from the central atom). One can see that the double-bump feature in the 11120 to 11140 range is well resolved for both GeTe and Ge 2 Sb 2 Te 5 grown on the (111)-oriented substrate while the two features merge into one for GST grown on InAs(100). The white lines are rather similar for the (111) substrate orientation but for the case of InAs(100), there are pronounced differences, namely, the white line is narrower for GeTe and the structure above the white line is more complicated. One also notices that the white line is narrower for the (111) orientation.
In Fig. 5 , we show XANES spectra of GeTe grown on InAs(100) and Si(100). One immediately notices that the white line is split in the case of the Si(100) substrate. The energy separation between the two strong features of 6-7 eV indicates the formation of Ge-oxide. 31 Signals associated with the Ge-oxide were observed for all samples (GeTe and Ge 2 Sb 2 Te 5 ) grown on Si, the result demonstrating that use of Si substrates leads to enhanced oxidation. The observed oxidation process limited further studies of the uncapped films grown on Si substrates.
In order to prevent the effect of oxidation, a series of ZnS-SiO 2 -capped Ge 2 Sb 2 Te 5 samples were grown on Si(111) with varied growth conditions, such as the GeTe desorption rate. The measured spectra are shown in Fig. 6 . One can see that despite the rather different growth conditions (GeTe desorption rate of 56% for sample #476 vs. 14% for #478), 28 the overall differences between the spectra are less significant than between samples grown on different substrates. One can also see that the white line is higher and the slope after the white line is almost zero with a clearly pronounced bump located at 11 115 eV. It is worth noting that the difference in the local structure between the epitaxial Ge 2 Sb 2 Te 5 films grown on Si(111) and InAs(111) is almost as large as between those of polycrystalline and amorphous phases (cf. Fig. 2 ) around the white-line region while the two spectra essentially coincide at higher energies. 
XANES SIMULATIONS
To get further insights, we performed ab-initio XANES simulations; the results are shown in Fig. 7 and described below. First of all, in order to see the effect of the presence of the shorter and longer Ge-Te bonds and the rhombohedral distortions, we compare XANES for four different structures ( Fig. 7(a) ), namely (i) a perfect low-temperature rhombohedral phase (Rhombohedral), (ii) a rhombohedrally distorted phase with equal Ge-Te bond lengths (Rhomb-equal), (iii) a cubic phase with subsets of shorter and longer bonds similar to those in the low-temperature phase (cubic-diff), and (iv) a high-temperature phase (a snapshot of the structure at 750 K as given by a molecular dynamic simulation), which is cubic according to Bragg diffraction 7 but preserves the subsets of the shorter and longer bonds as unveiled by local probes, such as EXAFS and total scattering. 8, 9 One can see the following. The double feature in the 11 120-11 140 eV range is present for both the Rhombohedral and Cubic-diff structures and disappears for the Rhomb-equal and the 750 K structures with equal (or on average equal) bond lengths. The "bump" at 11 110 eV is stronger for the rhombohedrally distorted structure. While it may not be obvious from Fig. 7(a) where the spectra are vertically displaced, the white line is slightly higher for the structures with equal bond lengths (or randomly distributed shorter and longer bonds).
Since the epitaxial film is very thin, the Fermi level position can be affected by the interface with the substrate, depletion regions in p-n junctions being a typical example. To address this issue, we further simulated XANES spectra as a function of the Fermi level position (Fig. 7(b) ). One can see that whilst varying the Fermi level position had a very weak effect at higher energies in the onset of EXAFS range, where the features predominantly reflect the onedimensional parameters, such as the bond lengths, it has a very strong effect on the white line intensity.
In addition to affecting the white line directly, the Fermi level position may also have an indirect effect. Indeed, it is known that GeTe has a high concentration of Ge vacancies, whose formation energy is very low. In addition, the latter depends on the position of the chemical potential and can be expected to vary when the Fermi level moves. 32 In Fig. 7 (c), we show XANES spectra for GeTe without vacancies and with 8% vacancies located on Ge sites. One can see that the white line is higher for the structure that contains vacancies.
DISCUSSION
We now proceed to a discussion of the major differences observed in the measurements on different samples, namely (1) the better resolved "double-bump" feature in GeTe as compared to GST, (2) the better resolved "double-bump" feature for the (111)-oriented samples, (3) The fact that the double-peak feature (11 120-11 140 eV) is better resolved in GeTe than in Ge 2 Sb 2 Te 5 when the same substrate is used and is better resolved for the (111) substrate orientation than for the (100) substrate orientation is thus evidence that the structure of GeTe and Ge 2 Sb 2 Te 5 grown on (111)-oriented samples is characterized by the presence of coherently ordered shorter and longer bonds, while in Ge 2 Sb 2 Te 5 grown on the (100)-oriented substrates, the shorter and longer bonds are randomly distributed in space. In other words, the epitaxial GeTe samples and Ge 2 Sb 2 Te 5 grown on (111)-oriented samples have rhombohedral structures, while in Ge 2 Sb 2 Te 5 grown on (100)-oriented samples, the distortion is randomized making the structure more cubic (on average) similar to polycrystalline samples, meaning that growth on (111)-oriented substrates results in superior crystal quality. This result is in line with the fact that GeTe-based alloys have a tendency to grow layered along the (111) direction. 33 It is also interesting to note that the samples grown on Si(111) possess better rhombohedral crystal quality that those grown on InAs(111), despite the larger lattice mismatch.
The higher white line for Ge 2 Sb 2 Te 5 vs. GeTe (Fig.  4(b) ) and for the (100) substrate orientation ( Fig. 3(a) ) is likely to be related to the fact that Ge 2 Sb 2 Te 5 is on average more cubic than GeTe as well as with (111) substrate orientation inducing more coherence in rhombohedral distortions. It is also possible that the more "random" cubic structure contains more vacancies than the ideal rhombohedral structure.
Perhaps the most striking result is the very different XANES spectra for InAs and Si substrates. The most likely explanation for the observed differences are the different locations of the Fermi level for the two cases, which can affect the white line either directly or indirectly by varying the concentration of Ge vacancies. The different locations of the chemical potential would also explain different stabilities of the films towards oxidation. At the same time, it should be noted that growth on strongly lattice-mismatched Si(100) surface may lead to the formation of numerous differently oriented nanodomains with "pores" between them; the latter significantly increases the effective surface, making the oxidation process faster. Further studies are needed to differentiate between these two possibilities.
The different concentrations of Ge vacancies determined by the substrate choice, if confirmed by future studies, would be extremely important for various applications, such as recently demonstrated ferroelectric switching. 34 The main difficulty in ferroelectric switching of GeTe is usually ascribed to its high carrier concentration due to intrinsic vacancy defects and efficient vacancy control will pave the way to practical ferroelectric applications of GeTe films.
It is also interesting to note that the growth conditions, such as the GeTe desorption rate, have a much weaker effect on the crystal structure than the substrate orientation.
Further studies are needed and are currently underway, such as epitaxial growth on n-type and p-type structurally identical substrates. Measuring EXAFS spectra may provide additional information about the local structure of epitaxial phase-change films. It should also be noted that Ge L-edge XANES spectra, which preferentially reflect empty s-(and d-) states, have previously proved useful to distinguish between the tetrahedral and octahedral local coordinations in the amorphous phase 35 and may yield additional information on the details of the local structure in the crystalline phase.
It should also be noted that another interesting possibility exists, namely, the difference between the spectra obtained for GeTe and Ge 2 Sb 2 Te 5 on differently oriented substrates may result from the polarization dependence of XAFS. 36 While the polarization dependence can be neglected in polycrystalline samples obtained by annealing the amorphous phase, in epitaxial layers, the existing coherent rhombohedral distortions should manifest themselves in the polarization dependence. Unfortunately, the experimental conditions of the beamline (the polarization plane of X-rays oriented parallel to the substrate and the beam size of 200 lm vertically vs. a few millimeters horizontally) alongside with the very thin samples did not allow us to investigate this issue experimentally.
In order to get some insights on polarization effects, we performed ab-initio XANES simulations for GeTe. The results (Fig. 8) demonstrate that there is a pronounced polarization dependence. For the (111) oriented substrate, the experimental conditions correspond to the E k a case. Note that the "two-bump" feature is well observed for the E k a and essentially disappears for the E k c, i.e., the E ? a, case. While this feature is clearly detected experimentally for GeTe, the reason why it disappears in Ge 2 Sb 2 Te 5 is because in the latter, the spatial location and orientation of the shorter vs. longer bonds are stochastic and the structure becomes cubic on average, smearing out the polarization dependence. Also, when the substrate is (100) oriented, the two polarisations directions, E k a and E k c, become nearly equivalent (Fig. 1) , which is also expected to smear out the "two-bump" feature, in line with experimental results. The experimental verification of the contribution of the polarization dependence of XAFS into the observed differences between the two FIG. 8. Simulated polarised XANES spectra for E k c and E k a geometries. The inset shows the sample orientation. One can see that the "two-bump" feature is clearly observed for the E k a orientation, while it is not observed for the other orientation. materials and different substrate orientations will be a subject of a future experiment using an undulator beamline with a square beam profile.
Finally, we would like to note that in addition to x-ray absorption spectroscopy, Raman scattering may be an interesting tool to look at the observed structural differences among different epitaxial samples. This is especially true for the rhombohedrally distorted GeTe that exhibits a rather strong Raman signal. 37 
CONCLUSIONS
In conclusion, we have demonstrated the usefulness of XANES to study the local structure of epitaxial phasechange samples. While some of the obtained experimental results require further analysis, based on established similarities with the spectra for polycrystalline and amorphous samples as well as with the simulated XANES spectra, we can draw the following conclusions. (1) The crystal quality is superior for the samples grown on substrates with (111) orientation with the most ordered crystal structure obtained for Si(111); (2) GeTe samples have a larger medium range order than Ge 2 Sb 2 Te 5 films and their structure is less affected by the substrate orientation; (3) the sample growth conditions have a smaller effect on the crystal structure than the substrate material/orientation; and (4) uncapped films on Si substrates show a strong tendency to oxidation. Further studies are currently underway, including use of n-type and p-type doped substrates, Ge K-edge EXAFS, and L 3 -edge XANES measurements and also the polarization dependence of XAFS.
